In diesel engine, fuel injection timing is a major parameter that affects combustion, performance and emission characteristics. Variation in injection timing has a strong effect on BTE, BSFC, BSEC, smoke and NOx emissions because of the change in maximum pressure and temperature in engine cylinder. In this experimental investigation, the optimum performance DEE-diesel blend ratio DE15D (15% DEE and 85% diesel by volume) was tested for variable injection timings to evaluate its effect and determine the optimum fuel injection timing, as the addition of DEE to diesel fuel causes retardation in dynamic injection timing. The engine tests were carried out at 10%, 25%, 50%, 75% and 100% of full load with 3º and 6º advancement, base and 3º and 7º retarded injection timings. The test results show that BSFC and BSEC provide the best result for the base injection timing at full load condition. The 6 º advancement in injection timing at full load condition reduced smoke by 12.5% and HC by 15.38%. The retarded injection timing by 7º at full load showed improvement in BTE by 7.96% and in NOx by 3.66%.
INTRODUCTION
Energy shortage and environmental protections have stimulated research on reducing fuel consumption, exhaust emissions and engine noise while increasing engine specific outputs. Research work on alternative fuels, especially oxygenated bio-resource fuels, have been explored worldwide [1] [2] [3] [4] . Oxygenated fuels like Diethyl ether (DEE) and Dimethyl ether (DME) are attracting remarkable attention from researchers as clean alternative fuels for CI engines [5, 6] . DEE is a promising oxygenated renewable biobased resource fuel. The blending of DEE with diesel enriches the oxygen content and cetane number of fuel-air mixture as compared to those of diesel fuel [7] . It has been shown that DEE addition supplies extra amount of oxygen for fuel blends, which influences combustion, performance and emissions characteristics of the engine [8] [9] [10] . In the experimental research work performed by [11] , diethyl ether (DEE) of 2%, 5%, 8%, 10%, 15%, 20% and 25% (by volume) were blended into diesel. The effects of different blend ratios on combustion, performance and emissions of the engine were evaluated and the optimum performance blend ratio was identified. As stated by [11] , with up to 15% DEE by volume in the blends, the engine ran smoothly, but with more than 15% DEE, erratic engine operations with some instability and fluctuations were seen in engine speed and power output under partial load condition. Thus, it was necessary to provide continuous adjustment in the fuel injection pump rack, which could affect the output results. Hence, based on the combustion, performance and emission analyses, the optimum and most favorable DEE-diesel blend ratio was DE15D (15% DEE and 85% Diesel by volume) without any modification on the engine. Similar results were reported by researchers like [12, 13] .
Fuel injection timing essentially controls the crank angle at which combustion starts. While the state of the air into which the fuel is injected changes as injection timing is varied and thus ignition delay would vary, these effects are predictable. If injection starts earlier (advanced injection timing), initial air temperature and pressure are lower and so the ignition delay would increase. If injection starts later (retarded injection timing), air temperature and pressure are slightly higher initially, and a decrease in ignition delay would occur. This means that injection timing variation has a strong effect on ignition delay, and consequently on engine combustion and emissions because of the changing maximum pressure and temperature in engine cylinder [14] . Patil and Thipse [11] reported that the addition of DEE to diesel fuel causes retardation of dynamic injection timing due to problems encountered with fuel pump and lowers density and viscosity of DEE-diesel blends. The retarded injection timing is due to lower bulk modulus of compressibility, or speed of sound, of the fuel blend, which leads to slower transfer of pressure wave from the fuel pump to the injector needle and late needle lift [15, 16] . Thus, the start of combustion is postponed and ignition delay is increased. Similar results were reported by [17] . Hence, a detail study about injection timing variation related to combustion and emissions are required. Moreover, it was necessary to find out the optimum injection timing. Hence, in this study, the optimum performance blend DE15D was selected for variable injection timing tests.
METHODS AND MATERIALS

Experimental Fuel and Its Properties
The conventional diesel was purchased from a local commercial representative and DEE (otherwise called 'ethyl ether' or more simply 'ether') was procured from an authorized representative and was certified to have a purity of ≥ 99.5% (analytical grade). The detail on DEE production can be referred from [18] . DEE and diesel fuel (by volume) were blended in different proportions by manual mixing at room temperature. The evaluation tests of blended fuels including miscibility tests and characterization were carried out. The various physicochemical properties of the neat diesel fuel (D100), neat DEE fuel (DEE100) and their blends were measured in the laboratory according to the IS 1448 standard test methods and the results are summarised in Table 1 . Results show that DEE is completely miscible with diesel in any proportion. The oxygen content and cetane number of the blends increased, while the density, kinematic viscosity and calorific value of the blends decreased with the concentration of DEE with diesel [18, 19] . This shows that the blended fuel retains the desirable physical properties of diesel fuel, but includes the cleaner burning capability of DEE. The replacement of diesel by DEE above 25% (by volume) in DEE-diesel blends is not practicable, as far as the desirable properties of diesel engine fuel are concerned. Though, beyond 25% DEE-diesel blend, the viscosity and density of the blended fuel reduces to lesser than the acceptable limit, which affects the lubricity to a certain limit and causes excessive leakages and vapor locks in the fuel injection system [12] . 
Experimental Set Up and Procedure
Experiments were conducted on a single cylinder, four stroke, naturally aspirated, water cooled, DI diesel engine. The fuel injection system used in this research work is as given by the manufacturer. It has a single barrel fuel injection pump and inline fuel injector with a three holed nozzle, located near the centre of the combustion chamber with an opening pressure of 20.5 MPa. The specifications of the engine are listed in Table 2 . The engine test rigs are were designed and developed to measure the performance, emission and combustion parameters. Figure 1 shows the physical experimental set up. The engine test rig design includes selection of dynamometer, exhaust system compatible for measurement of emissions, gravimetric fuel consumption measurement to reduce the effect of density variation, air flow measurement system, speed and load measurement systems along with its fine control, innovative cooling system to maintain uniform engine temperature, calorimeter to measure heat balance, high speed data collection and combustion analysis system including cylinder pressure sensor, crank angle encoder, data acquisition card, and data processing software. To measure the concentrations of NOx, CO, CO2, HC and O2 in the exhaust emissions an AVL Digas 444 exhaust gas analyzer was used. It measured the CO, CO2 and HC emissions with spectrum analysis principle and NO and O2 by the electrochemical sensors. An AVL 437 smoke meter was used to measure the smoke intensity. During the experiments engine coolant and calorimeter temperatures were measured by RTD's and the exhaust gas temperature by 'K' type thermocouples. Initially, the experimental results of the neat diesel fuel were validated with standard results and then other tests were carried out. The main specification and resolution of the measurement devices are given in Table 3 . Crank angle 20-5500 rpm 1 degree with TDC pulse
The standard setting of the engine used was with four shims to give a standard injection timing of 23 º BTDC. By inserting shims of different thicknesses between the fuel injection pump body and engine body, the injection timings were varied. Experiments were conducted with 3 º and 6 º advancement, normal and 3 º and 7 º retarded injection timings for optimizing the fuel injection timing for DE15D blend fuel. The engine tests were carried out at 10%, 25%, 50%, 75% and 100% full load at 1500 rpm rated speed and 20.5 MPa injection pressure for all injection timings.
RESULTS AND DISCUSSION
Brake Thermal Efficiency Brake thermal efficiency indicates the ability of a combustion system to accept the test fuel, and provides comparable means of assessing how efficiently the energy in the fuel is converted into mechanical power output [20] . Ignition delay and combustion characteristics are very sensitive to changes in injection timings, as the temperature and pressure changes significantly close to TDC [21] [22] [23] . The effect of injection timing on the performance and emission of direct injection CI engine running on diethyl etherdiesel blends heat release rate. To compensate for this late injection and combustion, the injection timing needs to be advanced. If injection is delayed, the temperature and pressure would be slightly higher initially, but decrease with longer delay, resulting in incomplete combustion, reduced power output and poor fuel conversion efficiency. This affects the Brake Thermal Efficiency. The optimal injection timing based on BTE for all the loads was 26 CA BTDC and at full load condition, the base injection timing shows the best result for DE15D blend. Retarded or advanced injection timing may diminish BTE values due to incomplete combustion. The most favorable conditions for ignition lie in between. Figure 3 illustrates the variation in brake specific fuel consumption (BSFC) with respect to the BMEP of DE15D blend for variable injection timing at 1500 rpm. It can be seen from figure that, overall, BSFC values reduced with variable injection timing except at full load condition. At full load condition, the BSFC of base injection timing was slightly lower than other injection timings. This shows that at full load condition, the base injection timing gives the best result for DE15D blend. It was revealed that DEE has higher oxygen content and cetane number, compared to those of diesel fuel. DEE addition supplies an amount of oxygen for fuel blends, which influences engine combustion and emissions. It may be due to improved combustion in the fuel-rich zone due to the presence of oxygenate. As BSFC measures how efficiently an engine uses the supplied fuel to produce work. It is inversely proportional to the brake thermal efficiency of the engine. Therefore, lower value of BSFC indicates higher overall efficiency of an engine [24] . 
Brake Specific Fuel Consumption
Brake Specific Energy Consumption
As the net calorific value of DEE is about two thirds of that of diesel, and as stated earlier, the addition of DEE to diesel fuel causes retarded dynamic injection timing due to problems encountered with fuel pump and lowers the density and viscosity of the blends, the brake specific energy consumption (BSEC) was calculated and utilised to make a comparison among the variable injection timings for optimized DE15D blend fuel. Figure  4 illustrates the variation in BSEC with respect to the BMEP of DE15D blend for variable injection timings at 1500 rpm. It can be seen from the figure that, overall, BSEC values reduced with advanced injection timing except at full load condition. At full load condition, the BSEC for base injection timing was lower than other injection timings. This shows that at full load condition, the base injection timing gives the best result for DE15D blend. These observations are similar to the findings for BSFC. Figure 4 . Effect of variable injection timing on BSEC for optimum DEE-diesel blend
Smoke Emission
The variation in smoke opacity versus BMEP for variable injection timing of DE15D blend are displayed in Figure 5 . It can be seen that the overall trend of the graph displayed minor reduction in smoke opacity due to advanced injection timing. It seems that the 
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advancement of injection timing provides enough time for mixing injected fuel with compressed air; it increases the cylinder temperature during the expansion stroke and provides more time for soot particles oxidation, which leads to reduced smoke [25] ; [26] . Retarded injection timing shows a noticeable increase in smoke opacity. According to the results obtained, the optimum injection timing based on smoke opacity was 29 CA BTDC at full load condition. Figure 5 . Effect of variable injection timing on smoke opacity for optimum DEE-diesel blend
NOx Emission
In direct injection diesel engine, variable injection timing has a strong effect on NOx emissions [27] . NOx refers to a class of compound called nitrogen oxide, which usually represents a mixture of NO and NO2. In diesel engine exhaust, NO is usually the most abundant NOx and constitutes more than 70-90% of total NOx [28, 29] . In this study, only NO was measured and the readings of NO represented the NOx emissions. The various factors like availability of oxygen, combustion temperature, nitrogen content of the fuel itself and the reaction time determine NOx emission during the combustion process. The production of NOx is proportional to combustion efficiency. Better combustion efficiency has higher value of exhaust temperature, which increases the level of NOx production [30] . Most of the techniques to reduce NOx emission depend on the reduction in peak flame temperature. The peak flame temperature can be reduced by various methods like retarded injection timing, exhaust gas recirculation (EGR), split injection, water injection into the engine's intake manifold and use of alternative fuels [15, 23, 31, 32] . Figure 6 . Effect of variable injection timing on NOx emission for optimum DEE-diesel blend
The variation in NOx emissions versus BMEP for variable injection timing of DE15D blend is displayed in Figure 6 . As illustrated in the figure, the advancement of injection timing for optimum blend fuel shows increased NOx emission. In advanced injection timing, the fuel is injected into compressed air having lower temperature. It extends the ignition delay period. Longer ignition delay period causes more fuel to be injected during that period, and better mixing of fuel and air. This means that, the earlier fuel is injected, the longer ignition delay and the greater the premixed portion of the fuel prior to ignition leads to higher NOx formation [20, 27, 33] . Retarded injection timing shows the opposite effect of a sharp decrease in NOx emission as expected due to reduced peak pressure and temperature. Overall, the optimum injection timing based on NOx emission was 16 CA BTDC for DE15D optimum blend. Although advanced injection timing increases NOx emission, the amount of NOx did not show a significant difference compared to the base injection timing at full load condition.
Carbon Monoxide Emission
The emission of carbon monoxide (CO) from a direct injection diesel engine mainly depends on the physicochemical properties of the fuel [34] . Figure 7 illustrates the variation in carbon monoxide emission with respect to BMEP of DE15D blend for variable injection timing at 1500 rpm. Retarded injection timing shows a noticeable increase in CO emission, while advanced injection timing shows a reduction in CO emission. CO emission followed the same trend of smoke emission by the engine due to the same physicochemical properties affecting qualitatively in the same manner. No significant difference was observed in CO emission at full load condition for the varied injection timing of DE15D blend. 
Unburned Hydrocarbon Emission
The variation in unburned hydrocarbon (HC) emission versus BMEP for variable injection timing of DE15D blend are displayed in Figure 8 . As illustrated in the figure, advanced injection timing for optimum blend fuel shows reduced HC emission. Overall, at full load condition in DI diesel engine, HC emission was low and varied modestly with injection timing. At lighter loads, HC emission was higher and it increased as injection became specifically retarded from optimum [35] . The general trend of HC emission reduction was observed in the results with advanced injection timing. Higher amount of HC emission was evident between the base injection timing with retarded injection timing. Almost the same trend was seen from Figure 8 for different injection timings. According to these figures, it was revealed that 29 CA BTDC was the best injection timing based on HC emission. 
CONCLUSIONS
Diethyl Ether (DEE) is a promising oxygenated and cetane improver renewable bio-based resource fuel for diesel engines as a clean alternative fuel. The optimum DEE-diesel blend DE15D was tested for variable injection timings to evaluate its effect and to determine the optimum fuel injection timing. The normal injection timing 23 CA BTDC was varied and the experiments were conducted for 3 º and 6 º advancement, normal and 3 º and 7 º retarded injection timings. The following conclusions are obtained.
i) BTE values improved by advancing injection timing, except at full load condition. Retarded injection timing diminished the BTE values for all the loads compared to the base injection timing. At full load condition, the BSFC of base injection timing was slightly lower than other injection timings. At full load condition, the BSEC of base injection timing reduced compared to other injection timings and gave the best result for DE15D blend. ii) Advanced injection timing reduced smoke opacity, while retarded injection timing increased smoke opacity. The optimum injection timing based on smoke opacity at full load condition was 29 CA BTDC. The advancement of injection timing increased NOx emission, while the retarded injection timing showed the opposite effect with a sharp decrease in NOx emissions. iii) CO emissions increased compared to the base injection timing over all injection timings. There was no significant difference observed in CO emissions at full load condition for varied injection timing. The general trend in HC emission reduction was observed for advanced injection timing. Higher amount of HC emission with retarded injection timing than the base injection timing was evident.
In summary, on the basis of the above conclusions, it can be summarised that advanced injection timing at 29 CA BTDC reduced smoke and HC emissions, and the retarded injection timing at 16 CA BTDC reduced BTE and NOx emissions.
